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1. INTRODUCTION 


A KNOWLEDGE of the quantity of water vapour present at any moment in 
different air layers of the atmosphere above a station is of fundamental 
importance to the meteorologist. The humidity records obtained from 
sounding-balloon meteorographs sent up in the atmosphere give some indi- 
cation of the variation of humidity with height; but the use of the hair 
element for the measurement of humidity has not been found to be quite 
satisfactory. The problem of improving the method of recording humidity 
is engaging the attention of many workers. 


The possibility of estimating the total precipitable water in the atmo- 
sphere by a spectroscopic method was first demonstrated by Fowle? by using 
his laboratory measurements of the absorption coefficicnts of water vapour 
in the bands in the near infra-red. The spectroscopic method does not 
indicate the distribution of water vapour with height, but does provide a 
rapid means of estimating the total water content of the atmosphere above 
a station whenever the sun is not obscured by clouds. The method has 
been used by a number of workers.**** The necessary apparatus was set up 
at Poona towards the end of 1939, and some measurements recorded in 1940. 
During 1941 the measurements were made regularly and the data obtained 
are discussed here. A description of the experimental arrangement, the 
method of taking the records and some typical results are given in the follow- 
ing sections. 


2. APPARATUS AND METHOD OF OBSERVATION 
The apparatus (see Fig. 1) consists of :— 


(i) a locally constructed spectrograph, L, and L, being the collimating 
and focussing lenses respectively and P a flint glass prism (an equilateral 
one) with base 7-8 cm. and hight 4cm.; 
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(ii) an ordinary heliostat H with a front silvered mirror, to direct the 
sun’s rays into the slit S of the spectroscope after being condensed by the 
lens L;; 


(iii} a Moll’s micro-thermopile (with a glass window and a vertical slit) 
mounted on the carriage of a travelling microscope capable of horizontal 
movement along the focal plane RV of the spectroscope; and lastly 
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(iv) a sensitive Moll galvancimeter (period } second) (connected to the 
thermopile), with a Jamp and scale arrangement for reading the deflections. 


It may be pointed out that glass is sufficiently transparent in the near infra- 
red region of the spectrum in which we are interested and that the whole 
experimental set-up has, when sunlight is focussed on the spectrograph, 
a maximum sensitiveness in the wavelength interval 0-75 to 1-2y, the 
deflection decreasing rapidly on either side, i.e., when the thermopile is 
shifted towards the visible region or towards wavelengths greater than 1-2 p. 


Fig. 2 is a typical curve showing the deflections in cm. on the scale 
against the readings of the travelling microscope in cm. The positions of 
the various important absorption bands ate indicated in the figure. It may 
be noticed that the chief water vapour absorption bands are 


y at 1-47 p 
% at 1-42yu 
@ atlel3p 
p at0O-93u 
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Fowle’s absorption measurements in the laboratory with columns of moist air 
a few hundred metres long (using Nernst glowers as the source of radiation) 
were naturally confined to the intense absorption bands ¢ and y’. In these 
measurements Fowle reached values of water content up to 0-5cm. of 
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FIG.2. ABSORPTION BANDS in THE SPECTRUM OF SUNLIGHT 
IN THE NEAR INFRA -RED REGION (-77T01-S24/) 
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precipitable water, W. He extended the measurements to larger values of 
W by working at Mount Wilson with the sun as the source and with air 
masses up to 3-5, i.e., at different zenith distances of the sun. Fowle’s trans- 
missibility values for the bands ¢ and #’ have been correlated with the trans- 
missibility values at the relatively weaker band at p (0-93 ») so that the trans- 
mission of radiation at the p band may be used for computing the values of W. 
Fig. 3 gives the transmissibility at ~’ plotted against that at p as given by 
Pierre Lejay* and Fig. 4 gives the transmissibility at %’ against the values 
of W (precipitable water in cm.) as given by the same author. In our 
measurements we have recorded the transmission at p and used Figs. 3 
and 4 for computing W. The advantage in using the p hand is that the 
variations in the absorption at different times or dates are larger and are 
recorded more accurately as the deflections in this region are comparatively 
larger than at the other bands. The base line in Fig. 2 is obtained by 
screening the radiation from the instrument. The transmission at p is 
obtained as the ratio of CD to O’D in Fig. 5 where OX is the base line, 
A and B are the maximum readings on either side of the band giving O’ as 
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the point for 100% transmission and C is the minimum deflection correspond- 
ing to the centre of the absorption band p. 


3. DATA RECORDED AND A BrigF Discussion OF 
SOME OF THE MAIN RESULTS 


The observations were recorded whenever sunshine unobscured by 
clouds could be focussed on the spectrograph. During clear weather the 
observations could proceed regularly at more or less fixed times; during 


cloudy weather one had to wait for openings in the clouds. On many or most 
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of the days during the wet season no observations were possible. During 
the period September to June the records are available for some days; the 
number is large during the period November to April and small in September 
and October and June. During June to September, attempts were made to 


take observations during the rare occasions when the skies cleared tempo- 
rarily. 


Table I gives the observations recorded at different hours during the 
17th February 1941. These illustrate the process of computing the values 


TABLE I 


Example giving observations recorded on the \7th February 1941 and 
the method of computing W 









































} ) ! a) 

Htowr.| 9 |Sec.9|D-B|V.P.| Min} Max. | Max. Tran. |Tran, |W Sec| w | 23 

W. BL) H% aad ae | Pe ing’! 6 | g& 

0820 | 75:5 | 4-000 we 8 0-30 | 2-00 | 2-30 | 2-20 |-1363 | -096 | 8-80 | 2-200 | 1 Ci 

0855 | 67-5 | 2-613 a 7 9-52 | 2-00 | 2-80 | 2-20 |-2363 | -195 | 4-30 | 1-642 | 1 Ci 
0930 | 60-0 | 2-000 ee es 0-50 | 1-85 | 2-00 | 1-95 |-2564 | -216 | 3-60 | 1-800 
205 | 34-0 | 1-206 Aro | 108 0-85 | 2-25 | 2-30 | 2-29 |-3698 | -330 | 2-10 | 1-741 
235 | 32-5 | 1-186 a a 0-90 | 9-5) | 2-65 | 2-61 |-3443 | -305 | 2-27 | 1-914 
1333 | 35-0 | 1-22) ae oa 1-05 | 2-70 | 2-90 | 2-86 |-3671 | -327 | 2-13 | 1-745 
1480 | 42-0 | 1-346 =. a 1-00 | 2-50 | 2-70 | 2-63 |-3802 | -342 | 1-97 | 1-464 | 

600 | 60-0 | 2-000 ee me 0-65 | 2-50 | 2-€9 | 2-60 |.2500 | -210 | 3-70 | 1-850 | 1 cu 

1658 | 70-5 | 3-000 wee | oe 0-45 | 2-00 | 2-25 | 2-16 |-2083 | -169 | 5-30 | 1-766 | 2Cu 

1720 | 75-6 | 4-000 ia 0-30 | 1-60 | 1-80 | 1-71 |-1754 | -185 | 6-80 | 1-700 | 3cu 















































of W, the depth of the total precipitable water in centimetres, in a vertical 
column of the atmosphere 1sq.cm. in cross-section extending up to the 
outer limit of the atmosphere. It will be noticed that when the sun is at a 
zenith distance 9, the value obtained is W sec. 8, and that W is obtained by 
dividing W sec. 4 by the air mass sec. 9 at the time of observation. The dry 
bulb and wet bulb temperatures D.B., W.B., were recorded with an Assmann 
Psychrometer near the instrument and the values of the vapour pressure and 
telative humidity are also given in the table, 
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(a) Seasonal and diurnal variation of W.—Table I gives the mean daily 
values of W in cm. in different months of the period February 1941 to 
TABLE [I 


Mean value of W in cm. in different months during different hours of 
the day during the period February 1941 to January 1942 


(n) is the number of observations on which the means are based. 





| 
Month | 0800 to {0900 to | 1000 to} 1100 to| 1200 to! 1300 to} 1400 to| 1500 to} 1600 to 
0900 hrs. 1000 hrs.|1100 hrs.|1200 hrs.|/1300 hrs.|1400 hrs.|/1500 7 1700 hrs. 





February 1-66 2-10 . 1-77 1-76 1-75 1-84 
1941 (n) | (37) (4) (23) | (23) | (19) (22) 
March 1-41 ° oe : 1-71 1-68 1-66 : 1-51 
1941 (45) (25) | (19) | (22) (24) 
April Wi 1-64 , 1-72 . 1-84 2-03 1-83 : 1-45 
1941 (39) (19) (25) (19) (21) (23) 
May 1-73 1-99 . 2-15 2-34 2-02 : 2°39 
194] = (24) (28) (19) (23) 
June . 2-89 ° 2-89 : 2-94 . 2-43 
1941 (6) 
July Ww ee oe 
1941 
August 
1941 (n) 
September W 
194] (”) 
October W 
1941 (n) 
November W 
141 (n) 
December* W 











(17) 




















* V.B.—The comparatively lower values of W in the morning hours Of December 1941 and 


January 1942 are due to the number of observations available for these hours as well as the values 
of W recorded on the few occasions being rather small. 





January 1942 (one year) at different hours of the day. The figures within 
brackets indicate the number of observations on which the means are based. 
The table based on observations so far recorded gives some idea of the 
diurnal variation of W in different months of the year. The values are 
comparatively small, generally < 2 cm. during the dry season October to 
April. After April there is a rapid increase towards June, when the south- 
west monsoon sets in. All the available observations from June to August 
indicate values higher than 2cm.; they are higher than 2-5 cm. and often 
3-O0cm. or more during wet spells (i.e., individual occasions). Looking at 
the mean values of W at different hours, one finds that there is a tendency 
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for the values of W to increase in the afternoon and in some months like 
March, April, June and September a tendency later towards the evening for 
W to decrease. On individual days the effect of sea-breeze is perceptible. A 
study of W in relation to the properties and sources of the air masses at 
different levels is being attempted. 


(b) Mid-day or noon values of W.—The noon values of W are recorded 
when the incoming solar rays are normal or nearly normal to the atmosphere, 
ie., the air mass is nearly unity. The seasonal variation of W is brought 
out clearly in Fig. 6 where the noon values of W are plotted as dots against 
the dates for which the data are available during the period February 1941 
to January 1942. The dots cluster about a mean value of W which is low in 
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winter (lowest values are recorded in December) as may be seen from the 
two ends of the diagram. The value of W increases in summer and attains 
a maximum value during the middle of the monsoon season (July-August). 
The lowest value of W so far recorded was 0:46 cm. on the 2nd December 1941 
and the highest value was 3-97 cm. recorded on the 4th June 1941. During 
the monsoon months the number of occasions when observations could be 
recorded was small; the seasonal tendency is, however, shown even by the few 
dots plotted against these months. It should be pointed out that the values 
of W recorded during the short intervals of clear weather during the mon- 
soon would be smaller than those during the rest of the season, so that they 
should be taken as the lower limit of W during the rainy season. 


(c) Mean daily values of W in different months of the year; a comparison 
of these with values of W estimated by other methods.—Columns 2, 3 and 4 
in Table III give the mean daily values of W during different months of the 
year as computed from the spectroscopic observations during the hours falling 
within the zenith distance of 60° of the sun before and after noon. The 
available data are given separately for the years 1940, 1941 and 1942. The 
figures inside brackets below the values of W indicate the number of observa- 
tions on which the mean values are based, It may be noticed that the values 
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TABLE III 





Mean values of W in cm. based on 





Spectroscopic measurements Normals 
made in of Measure- 

Month —_ sounding | ments of 
balloon heat 
data based} radiation | Data of ¢ 
on 10 | from the | recorded 

years’ | night sky |in 1941-42 
records 


| 
| 








values of ¢ 
computed 
from 50 
years’ 
records 


(1) (5) (6) | (2) (8) 

















January oe 1-52 1-46 


February +e ‘ 2-09 2-83 


March . ° : | 1-88 2-85 


April “ ‘ 3-06 


May 3-05 


June 2-86 


July 
August 
September 
October wa 1-65 
(23) 
November a 1-55 
} (61) 
December --; O91 ° 
' ' | 























of W in February, March, April, October, November and December given 
for both 1940 and 1941 more or less agree with each other. The seasonal 
variation, as already pointed out, indicates a minimum in December and a 
maximum during the monsoon season (June-August). In the 5th column of 
Table III are given the values of W computed from the normal values of e, 
the vapour pressure in mm. of Hg and T the temperature in degrees absolute 
at different levels above ground based upon 10 years’ sounding balloon 
records. These computations were made according to the formula: 


8 W =5h/T x -622 e/2-8703 x 10° cm., 
where 5 W is the precipitable water in the height interval h, to k, or 5h (cm.) 


at mean temperature of T° A and having a vapour tension e (expressed in 
millibars). W is obtained by adding up the values of 3 W for the different 
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height intervals. The values of W are nearly of the same order of magnitude 
as the spectroscopic values only in the first three months of the year. During 
the rest of the year the values computed from the sounding balloon records 
are higher. This difference may partly be due to the fact that while the 
spectroscopic values refer only to spells of glear weather, the sounding balloon 
data are available for all types of weather. 


The values of W given in columns 7 and 8 are based on Hann’s® formula 
W =2-1 e, where e is the vapour pressure at the surface in cm. of Hg. The 
values computed from (1) the data of e during the period 1941-42 and (2) the 
normal values of e based on past 50 years’ records are more or less similar. 
They are not so high as those based on the sounding balloon records but are 
somewhat higher than the spectroscopic values. 


Lastly, in column 6, we have given the estimates of W obtained from the 
measurements of the nocturnal heat radiation falling on unit area of a hori- 
zontal surface made with an Angstrom’s Pyrgeometer at Poona during clear 
nights. It is well known”* that the ratio of S, the heat radiation received 
from the night sky to the black-body radiation o T* emitted by the same 
surface at a temperature of T° A is given by 


SicT* =A —B 10” 


where A, B and & are constants whose values are 0-77, 0°28 and 0-33 res- 
pectively and W is the precipitable water in the atmosphere (cm.). The values 
of W computed from the above formula, knowing all the factors except W, 
are slightly higher than the values given in columns 7 and 8, but smaller than 
those given in column 5. The estimates of W from the heat radiation data 
are not strictly comparable with the day estimates obtained spectroscopically. 
The comparative values of W given in Table III show that the spectroscopic 
values are smaller than the other estimates. It may be mentioned that during 
the month of November 1940 there were a number of days when sounding 
balloons had been let off at Poona and when the values of W had also been 
let off at Poona and when the values of W had also been determined by the 
spectroscopic method. The values of W obtained by the two methods are 
given in Table IV below in the order of increasing values of W. 


The spectroscopic values are roughly half of the values obtained from the 
sounding balloon data. It is hoped that, with further improvements in 
these two methods of measurements, the real source of difference will be 
located. It is more than possible also that Fowle’s original relation between 
W and the transmissibility of radiation at the %’, and ¢ bands may require 
revision, 
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TABLE IV 





W in cm. 









Date | Computed from 









Spectroscopic sounding balloon 

] data 

18-11-1940 | 0-67 1-48 
22-11-1940 1-40 2-42 
16-11-1940 | 1-47 2-90 
6-11-1940 | 1-70 4-08 
14-11-1940 | 2-30 3-29 
5-11-1940 | 2-38 4-26 
24-11-1940 2-96 4-88 














The variations in W from day to day are, however indicated un- 
mistakably by the spectroscopic measurements which have the great advantage 
that the results are available immediately to the weather forecaster. This 
aspect is dealt with in the next section. 


4. W In RELATION TO SOME WEATHER PHENOMENA 





(a) Effect of sea-breeze.—On many days during the pre-monsoon months 
the sea-breeze with a westerly component replaces the air of land origin. 
On some of these occasions the marked contrast in the moisture contents 
of these air masses brings about an increase of W, after the sea-breeze sets 
in. An example is given in Table V; the data refer to the 3rd of April 1941. 


TABLE V 





| 
Time W incm. | Remarks 





Cu at 1315 hours 
Cu at 1400 hours 


2 
5 
1640 Sea-breeze started at 1655 hrs. 
1712 


_ 

wo 

& 
pr wey 
BSaRBES 





| 
| 
| 
| 
| 
| 





(b) Prior indications of wet weather as given by W.—The use of W in 
the prediction of local weather at Poona and its neighbourhood was tried 
out during the current year. It was found by experience that on some days 
during the pre-monsoon months and on a few days in September of the year 
1941, an increasing tendency in W did give an indication of the following 
wet weather. It appears that the measurements of W, whenever possible, 
would be of some aid in the prediction of local weather. For example, the 
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first rainfall during the year 1941 occurred on the evening of the Ist April 
1941, in association with a thunderstorm. The observations on this date 
showed a progressive increase in W. These are given in Table VI. 














TABLE VI 
Date Time W in cm Remarks 
hrs, L.S.T. - 
27-3-1941 .. )} 1-92 2 As at 1000 hrs. 
28-3-1941 ..{Means value|| 1-99 8 Cs at 0800 hrs. and 5 Cu at 1630 hrs, 
29-3-1941 ..)| for each |} 1°57 1 Cs at 0740 and 2 Cu at 1710 hrs. 
30-3-1941 .. date | 1-72 4 Cu at 1400 hrs. and onwards 
31-3-1941 .. J 1-57 1 Cs at 0736 hrs. 
1-4-1941 . 0744 1-71 
” 0803 1-67 
ws 0853 2-18 
” 1232 2-21 
‘ 1346 2-29 
fe 1530 2-31 6 Cu at 1510 hrs. later culminating in thun- 
‘a 1625 2°45 derstorm beginning at 1715 hrs. and 
ending at 1815 hrs. 10 cents of rainfall 








Again, it may be remarked that the mean values of W day by day during 
the period 26th May to 26th June indicated the gradual onset of the monsoon 
on the 4th June, its weakening after the spell of rain up to the 9th June, the 
prevalence of a drought which persisted up to the 25th of June when the 
monsoon strengthened once again. The data during the above period are 
given in Table VII. 











TABLE VII 
Date Mean W in cm. Remarks 

26-5-1941 2-61 
27-5-1941 2-76 
28-5-1941 2-10 
29-5~1941 2-15 
30-5-1941 2-75 ' 
31-5-1941 2-92 7 Ci 1730 hrs. onwards 

1-6-1941 2-82 4 Ci 0715, 4 Cu at 1330 hrs. 

2-6-1941 2-92 7 Ci 1030 to 1300 hrs. 

3-6-1941 2-75 7 Cu and Ci at 0700, 8 Cu at 1330 and slight rain at 2000 hrs. 

4-6-1941 3-97 Rain at 1230 and 1430 hrs., start of monsoon 
18-6-1941 a 
19-€-1941 . 
20-6-1941 1-64 6 Cu Ci at 0723 to 1230, 5 Cs at 1780 hrs. 
21-6-1941 3-03 oe 
22-6-1941 2-16 Veil-like cloud 1330 to 1700 hrs. 
23-6-1941 1-86 
24-6-1941 2-51 met 
25-6-1941 | 3-37 Thick Ci veil at 0705 hrs. 
26~6~1941 3°75 Monsoon re-established with slight rain on 26th and a heavy 





shower on 27th. 
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CONCLUSION 


The investigation is being continued. A more detailed discussion of 
the various aspects of the subject has been given in a thesis submitted to the 
Bombay University. 

The author wishes to thank Dr. L. A. Ramdas, for suggesting the prob- 
lem and for guidance during the investigation and the Director-General 
of Observatories for permission to work in the Meteorological Office, Poona. 
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A METHOD OF ESTIMATION OF THE THICKNESS 
OF THE “LAMINAR” LAYER ABOVE AN 
EVAPORATING WATER SURFACE 
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1. INTRODUCTION 


WHEN a current of air flows horizontally over a surface of water there are, 
as is well-known, (i) a “ laminar ” or “* boundary ” layer adjacent to the 
water surface, in which the air movement is stream-lined in character and 
(ii) a turbulent or eddying layer above the laminar layer in which there 
is a considerable amount of mixing. The thickness of the laminary layer 
decreases tapidly with increase in the mean velocity of air current. 


In the laminar layer AB to CD (Fig. 1) the variation with height of factors 
like temperature, vapour pressure and wind velocity may be assumed to 
be linear ; the transfer of momentum, water vapour or heat in the laminar 
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layer will be due to molecules, whereas in the turbulent layer the eddies 
take a major part in such transfer. It is significant that the heat transfer 


between the air and the water surface will be k x ~ where k is the molecular 


heat conductivity of air (5-77 x 10-*) and - is the thermal gradient in the 
laminar layer. With the above assumptions and from a knowledge of (a) the 
rate of evaporaton, (b) the vertical temperature gradient between the water 


surface and a series of points above the surface, and (c) the temperatures of 
the water surface and the surrounding room it is possible to estimate, under 
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certain favourable conditions (when the heat of evaporation is supplied 
entirely by the air and by radiative exchange), the thickness 8 of the laminar 
layer and its dependence on the mean wind velocity. The present paper 
discusses the results obtained in a preliminary investigation on the above lines. 


2. THE VERTICAL CHANGE OF TEMPERATURE INSIDE AND ABOVE A 
LAYER OF WATER 


If a vessel containing water is kept exposed to the air, the variation of 
water temperature with depth and of the air temperature with height above 
the water surface will depend upon the mean temperature of the water layer, 
the difference of temperature between the water and the air above, the wind 
velocity and the rate of evaporation. Fig. 2 shows the variation of 
temperature when measurements were made with water at different mean 
temperatures. The general air temperature in the room was sensibly constant 
during these experiments. The measurements of the water temperature 
at various depths and of the temperature of the air just above the water 
surface at various heights above the surface were repeated in quick succession 
for various values of the mean temperature of the water layer. 
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A water reservoir 24 cm. in diameter and 10 cm. deep was filled with 
water at the required tempereture. The water was stirred well and then 
allowed to come to rest. After the water column had come to rest and the 
conditions above and below the water surface had become steady, the 
temperature measurements were made. The temperatures were measured 
by using a series of fine copper-constantan (50 S.W.G.) junctions connected 
to a suitable switchboard and a common junction at a standard temperature. 
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Each junction could be connected in turn to a Moll galvanometer and the 
deflections recorded in quick succession. The values of temperature 
were read off from the calibration curve of each junction (previously 
determined). All the junctions were kept horizontal, except the one 
in contact with the water surface which was vertical with the sensitive point 
approaching the surface from below the water surface. In Fig. 2 the dry 
bulb and wet bulb temperature of the air in the room (well away from the 
water resorvoir) recorded with an Assmann Psychrometer together with 
the vapour tension and the relative humidity are also indicated. Curves 
1 to 8 refer to the different mean temperatures of the water column. As is 
to be expected, all the curves tend to mect at a sufficient height above the 
water surface. In Curves 1 and 2 the temperature decreases gradually as 
one approaches the water surface from below. The most rapid fall occurs 
in the first few mm. above the water surface ; thereafter the fall of tempe- 
rature is more gradual. Under these conditions the water column supplies 
heat to the water surface for the evaporation process as well as for warming 
the air layers above it. 


Curve 3 refers to the case when the surface of the water is at the same 
temperature as the air above. Here there is no gradient of temperature 
above the water surface, so that the heat required for evaporation is 
supplied entirely by the water column. In Curve 4 the mean temperatures 
of the air is the same as that of the water column. Here there is a fall of 
temperature as we approach the water surface both from above as well as 
below, so that the heat required for evaporation is arriving by conduction 
both from the air as well as the water column. Curve 6 is the most 
interesting, as the whole water column tends to remain at a uniform 
temperature. The air temperature increases with height above the surface 
and the heat required for evaporation is obtained entirely by conduction 
from the air above the water surface (and by the heat gained by radiative 
exchange between the surface and the surroundings). 


With further decrease of the mean water temperature (Curves 7 and 8) 
the temperature increases as one approaches the water surface from below 
and continues to increase with height above the water surface. Here the 
heat conducted from the air is used partly for evaporation and partly for 
warming the water layer as well. When the mean temperature of the water 
column is at or below the dew point water vapour begins to condense on the 
water surface adding a further contribution of heat. 


In the rest of this paper we deal only with evaporation under the simple 
conditions defined by Curve 6 in Fig. 2. It must be remembered that no hea 
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is then lost by the water ; the heat required for evaporation is supplied 
entirely by (a) conduction from the air and (5) radiative exchange* with 
the surroundings. Under these simple conditions we have 





Lw =k +o(Tt, — TH) 


where L is the latent heat of evaporation, 

w is the evaporation in grammes per second, 

k is the molecular thermal conductivity, 

T, and T, are the temperatures of the water surface and of the 
walls of the room (the same as the temperature of the room 
air), 

o is the Stefan Boltzman constant. 
In the above expression, L is known, w, Ty and T, can be measured 
directly, o is known, so that the factor k = can be computed. This has 


been done for a number of wind velocities. These data have been used 
for estimating the thickness 8 of the laminar layer, as will be clear from 
the next section. 


3. ESTIMATION OF THE THICKNESS OF THE LAMINAR LAYER 


The experimental arrangements are the same as in Section 2. The 
water reservoir is protected at the sides by a layer of heat insulating material. 
In all the experiments the water layer is brought to the isothermal condition 
as defined by Curve 6 of Fig. 2. The rate of evaporation is measured by 
keeping a small circular dish 26-42 sq.cm. in area at the centre of the water 
surface with a layer of water inside adjusted so as to be at the same level 
as that of the water surface outside. This vessel is weighed before and after 
each experiment, care being taken to dry the outside and keep the vessel covered 
during weighing. The wind velocity is regulated by means of an adjustable 
electric fan with a wire-gauze shield in front to reduce major fluctuations. 
After starting the fan and verifying that the water in the reservoir is isothermal, 
the surface temperature and the air temperature at 1, 2, 3, 5 mm. above the 
water surface as well as the temperature of the air in the room were measured. 
Table I gives the results of a series of experiments at different wind velocities. 
The first column gives the mean rate of evaporation during the period of 
half to one hour usually taken to complete each experiment. The total 





* Both the water surface and the walls of the room act like ‘“* black ’ bodies in the 
infra-red. 
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evaporation divided by the time in seconds and by the area of cross-section 
of the floating vessel is of the order of 30 x10-’ to 65 x 10-’ gr./cm.? sec. 
for the range of velocities which are indicated in column (2) in metres per 
second. The relative humidity of the air as measured with the Assmann 
Psychrometer is given in column (3). Column (4) gives the isothermal tempe- 
rature of the water column (also temperature of water surface). The room 
temperature well away from the evaporimeter is given in the next column. 
Columns (6) to (9) give the temperature gradicnts between 0 (surface) to 
1 mm. (above surface), 0 to 2 mm. 0 to 3 mm. and 0 to 5 mm. in °C. per cm. 
Column (10) gives the values of the difference between the heat Lw used up 
for evaporation and the heat gained by the surface by radiative exchange with 
the surroundings. This difference [Lw — o (T*, — T*,)] is equal to the heat 
kdT/dZ transported to the water surface by molecular conductior 
across the laminar layer. The evaporation and temperature measurements 
thus give us an estimate of the heat gained by conduction. We do not know 
the value of dT/dZ in the laminar layer directly, but the values of column (10) 
divided by the molecular heat conductivity of air (5-77 x 10-5) give us 
estimates of this gradicnt; these are given in column (15). 


It is well known that the gradient of temperature dT/dZ in the laminar 
layer will be much higher than that above it. If the mean temperature 
gradients between 0 tol mm., 0-2 mm., 0-3 mm. and 0-5 mm. are computed 
it will be found that as we gradually increase the distance between the water 
surface and the point of reference above it, the values of mean temperature 
gradient will decrease. If the figures given in column (10) are divided by 

A2 
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the apparent mean temperature gradients given in columns (6) to ( 9) we ge 
estimates of the apparent heat conductivities given in columns (11) to (14). 
In Fig. 3 these values of apparent conductivity are plotted against the distance 
between the surface and the point of reference used for computing the 
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apparent temperature gradients. The values for each wind velocity lie along 
a straight line, which can be produced to cut the vertical line at 5-77 x 10°, 
the molecular heat conductivity. These points of intersection give estimates of 
the thickness 8 of the lamina layer within which molecular heat conductivity 
must prevail. The values of 8 are given in column (16). The values of 
dT/dZ x & representing the total fall of temperature in the laminar layer 
are given in column (17). In the last column the values of the ratio of the 
fall of temperature in the laminar layer to the total fall of temperature from 
the air to the water surface are given. It will be seen that on an average 
about 6/10 of the total fall occurs in the laminar layer. The effect of increasing 
wind velocity is to increase the temperature gradient in the laminar layer in 
which about 6/10 of the temperature variation with height occurs. 


Fig. 4 shows how 84, the thickness of the laminar layer, varies with the 
wind velocity v. 8 decreases with v rapidly at first and more gradually there- 
after. It was difficult to carry out measurements for v>2-0 metres per second, 
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as the water surface began to get agitated at higher wind velocities ; by 
extrapolation it is easy to see from Fig. 3 (dotted portion) that 5 may decrease 
to 0-025 cm. at a wind velocity of 3 metres per second. The rapid increase 
of 5 with decrease of v towards zero is also obvious. 


4. SUMMARY AND CONCLUSION 


The present paper indicates a simple experimental method of estimating 
the thickness 5 of the laminar layer of an evaporating water surface at different 
wind velocities. When the water layer is adjusted to be isothermal (vide Curve 
6 of Fig. 2) the heat Lw required for evaporation comes entirely by molecular 
conduction across the laminar layer k dT/dZ and by exchange of radiation 
(oT ,4— oT‘) with the surroundings. From estimates of dT/«Z using increasing 
height intervals between the surface and the next level of reference, it is possible 
to calculate a series of k’s which fall on straight lines, when plotted against 
the corresponding values of AZ. The values of AZ given by the points 
of intersection of the above lines with the vertical line at k= molecular 
conductivity, give estimates of 5, the thickness of the laminar layer. 


Further work on these lines is in progress. 
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FLavones and flavonols derived from 1: 2:3: 4-tetra-hydroxy-benzene have 
not yet been isolated from natural sources. But they form a series having 
three contiguous hydroxyl groups (6: 7:8) in the benzo-pyrone part some- 
what parallel to those derived from 1: 2:3: 5-tetra-hydroxy-benzene with 
the 5:6:7-arrangement of hydroxyls. The difference in propertics and 
reactions which this difference in structure may give rise to, is of interest 
and this information was required in connection with the study of plant 
pigments in progress in these laboratories. For purposes of comparative 
study the flavones of this type isomeric with baicalein and scutellarein have 
been synthesised and their properties described in this paper. The starting 


















material for the present synthesis is 2-hydroxy-3: 4: 5-trimethoxyaccto- 
phenone (I) prepared according to the method of Baker.' 


OH OCH, oci, OCH; 
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HO— —OH cHo- \-on cH,o- \—on aa 
—— | —_—> \ —_——> L 
—COCH; -COCH; HO —COCHs CH;0- —COCH; 
A 4 i 

The conversion into the flavones is effected by adopting the Baker-Venkata- 
raman procedure.* The O-benzoyl or anisoyl compounds (II) are con- 
verted into the corresponding dikctones (III) by means of sodamide and the 
final ring closure to the methoxyflavones (IV) carried out by heating with 
sodium acctate and acetic acid. Demethylation with hydriodic acid yields 
the hydroxyflavones (V). They have also been characterised by the pre- 
paration of their acetates. 
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Structurally the new flavones have a hydroxyl in the 8-position in the place 
of the one present in the 5-position of baicalein and scuttellarein. Regarding 
fluorescence in concentrated sulphuric acid the two pairs resemble and they 
give very little emission. The hydroxy compounds exhibit no fluorescence ; 
among the ethers there is feeble emission only from 6: 7: 8: 4’-tetramethoxy- 
flavone. In alcoholic solution neither the hydroxy compounds nor the 
methyl ethers give any fluorescence. This is in accordance with expectations ; 
it has been noted® that the 8-position in coumarins and flavylium salts is as 
inhibitive of fluorescence as the 5-position. 


The isomeric compounds differ markedly in alkali colour reactions. 
Baicalein and scutellarein give bright green colour, the former yielding also 
a precipitate. The 6:7:8-hydroxy-compounds are more easily soluble 
and give a yellow colour in sodium carbonate and orange-red in sodium 
hydroxide solution. The ferric chloride colour is also different. The 
6:7:8-compounds give a deep-green colour rapidly changing to greenish 
blue, whereas baicalein and scutellarein give a greenish-brown, the green 
1; colour not being prominent. The reaction of the new flavones with sodium 
amalgam in alcoholic solution (Bargellini’s test) is also somewhat different. 


After the above work was completed, an abstract of a paper by Bargellini 
and Olivicro on the synthesis of 6:7: 8-hydroxyflavones and flavonols 
appearcd in the British Chemical Abstracts. They adopted a different method 
as indicated below. The melting points of the final products and their 
derivatives as recorded by them agree with ours. 
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EXPERIMENTAL 


2-Benzoyloxy-3 : 4 : 5-trimethoxy-acetophenone (II, R= H).—2-Hydroxy- 
3:4: 5-trimethoxyacetophenone (I, 2:5g.) was treated with dry pyridine 
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(10 c.c.) and benzoyl chloride (2 c.c.) and shaken well for 10 minutes. The 
mixture was then heated on the water-bath for 20 minutes and added to 
ice-water containing a few c.c. of dilute hydrochloric acid. The benzoyl 
derivative separated as an oil which quickly solidified to a brown solid on 
stirring. It was filtered, washed with very dilute hydrochloric acid and then 
dissolved in sufficient quantity of ether. The ether solution was successively 
washed with dilute hydrochloric acid, aqueous sodium carbonate and sodium 
hydroxide to remove benzoic acid and unchanged ketone. It was once 
again washed with dilute hydrochloric acid and water and dried over calcium 
chloride. Distillation of the solvent yielded the benzoyl derivative as a 
colourless crystalline solid which was collected and recrystallised from alcohol 
and benzene. It was obtained as stout irregular prisms and melted at 
127-28°. Yield, 2-0g. The substance gave no colour with ferric chloride 
in alcoholic solution and was insoluble in cold aqueous sodium hydroxide 
(Found: C, 65-3; H, 5-3; CygHigO, requires C, 65-5; H, 5-5%). 


2-Hydroxy-3 : 4: 5-trimethoxydibenzoylmethane (III, R = H).—A solution 
of the above compound (2 g.) in dry toluene (20 c.c.), was treated with sodamide 
(8 g.) finely powdered under toluene. The mixture which rapidly turned 
yellow, was vigorously stirred for ten minutes and heated on the boiling 
water-bath for 4-5 hours with frequent shaking. The yellow solid product 
was then filtered, washed well with warm benzene and cautiously added with 
stirring to crushed ice. When the unreacted sodamide was completely 
decomposed, the yellow solution was filtered to remove any insoluble matter 
and saturated with carbon dioxide. The dibenzoylmethane separated as a 
bright yellow oil. A further small quantity of it was obtained by extracting 
the toluene filtrate with 5% aqueous alkali and saturating the alkaline solution 
with carbon dioxide. Both the lots were taken together in ether and the 
clear ether solution dried over sodium sulphate. The solvent was then 
distilled when it left an oily product which did not solidify even when allowed 
to stand in the refrigerator for 24 hours. It was therefore directly used for 
conversion into the trimethoxy-flavone. Yield, 0-6g. It dissolved in 
aqueous sodium hydroxide to give a bright yellow solution and its solution 
in alcohol developed a bluish-green colouration with a drop of ferric chloride. 


6: 7: 8-Trimethoxy-flavone (IV, R = H).—The crude dibenzoylmethane 
(0-5 g.) was dissolved in glacial acetic acid (8 c.c.) and to the solution was 
added fused sodium acetate (2g.). The mixture was gently boiled over a 
wire-gauze for 4 hours, cooled and diluted with water (80c.c.). A small 
quantity of the trimethoxy-flavone separated as a crystalline solid. It was 
filtered and the filtrate extracted with ether. The ether extract was carefully 
shaken with 3% aqueous sodium carbonate to remove acetic acid and then 
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washed with water. On distilling off the solvent, more of the flavone was 
obtained as a colourless crystalline solid. The combined product was crystallised 
from dilute alcohol. After a further crystallisation from ethylacetate-light 
petroleum mixture, the trimethoxy flavone was obtained as aggregates of 
prismatic rods and melted at 144-45° (Bargellini and Oliviero* give m.p. 
146°). Yield, 0-3g. It was readily soluble in the common organic solvents 
and gave an orange-yellow colour with magnesium and concentrated hydro- 
chloric acid in alcoholic solution. Its solution in concentrated sulphuric 
acid was yellow and exhibited no fluorescence (Found: C, 69-0; H, 5-3; 
C,3H,,O; requires C, 69-2; H, 5-1%). 


6: 7: 8-Trihydroxyflavone (V, R= H).—A solution of the trimethoxy 
flavone (0-25 g.) in acetic anhydride (5 c.c.) was treated with hydriodic acid 
(d, 1-7; 5c.c.) and the mixture heated at 130-35° in an oil-bath for 2 hours. 
It was then cooled and poured into water containing sulphurous acid. The 
precipitated yellow solid was collected, boiled with water and crystallised 
from alcohol. Yield, 0-15g. On recrystallisation from alcohol the tri- 
hydroxyflavone was obtained as straw-coloured rectangular micaceous 
plates and melted at 280-282° with slight decomposition (Bargellini and 
Oliviero* give m.p. 280° decomp.). Its alcoholic solution developed a greenish- 
blue colouration on the addition of a drop of ferric chloride; with excess of 
the reagent a brown precipitate was deposited slowly. It dissolved in con- 
centrated sulphuric acid to an yellow solution which exhibited no fluorescence. 
With lead acetate in alcoholic solution it gave a bright orange-yellow precipi- 
tate, and with magnesium and hydrochloric acid its alcoholic solution deve- 
loped an orange colouration. When treated with sodium amalgam in 
absolute alcohol the trihydroxyflavone gave a green solution and a flocculent 
green precipitate which slowly turned brown (Bargellini’s test). It dissolved 
in aqueous alkali to give a brownish-orange solution which gradually faded 
in colour; no green flocks separated. With dilute ammonia it gave an yellow 
solution (Found in a sample dried at 120° for 2 hours im vacuo: C, 66-5; 
H, 3-9. C,;H,O; requires C, 66-7; H, 3-7%). 


The triacetate was prepared by heating the above hydroxy-flavone (0-1 g.) 
with acetic anhydride (5 c.c.) and fused sodium acetate (1 g.) for two hours. 
It was crystallised twice from ethylacetate and was obtained as stout flat 
needles melting at 207-08° with previous sintering at 202° (Bargellini and 
Oliviero* give m.p. 197-98°) (Found: C, 63:7; H, 4-3. C.,H,O, requires 
C, 63-6; H, 4:1%). 


2-Anisoyloxy-3 : 4: 5-trimethoxy-acetophenone (II, R = OCHs;).—The 
hydroxyketone (I, 2-5 g.) was treated with dry pyridine (10 c.c.) and anisoyl 
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chloride (2c.c.) and the mixture heated on the boiling water-bath for 30 
minutes. The product was worked up in the same way as described for the 
benzoyl derivative. The crude O-anisoyl compound was a colourless solid 
which was purified by crystallisation from alcohol and then alcohol-benzene 
mixture. Yield, 2-0g. A final crystallisation from alcohol yileded elongated 
rectangular plates and prisms melting at 114-15°. It did not dissolve in 
cold dilute aqueous sodium hydroxide and gave no colour with ferric chloride 
in alcoholic solution (Found: C, 63-1; H, 5-8. C,H. O, requires C, 63-3; 
H, 5-6%). 


2-Hydroxy-3 : 4: 5: 4'-tetramethoxy-dibenzoylmethane (III, R = OCH;).— 
The above O-anisoyl derivative (2 g.) in dry toluene (20c.c.) and sodamide 
(8 g.) were used for the rearrangement. The dikctone was obtained as a 
heavy oil (0-7 g.) which showed no tendency to solidify even when kept in 
the rcfrigerator for 24 hours and was therefore directly used for conversion 
into the tetramcthoxyflavone. The substance dissolved in aqueous sodium 
hydroxide to give a decp yellow solution. In alcoholic solution it gave a 
greenish-blue colour with ferric chloride. 


6: 7:8: 4'-Tetramethoxyflavone (IV, R = OCH;).—Ring closure of the 
above diketone (0-5 g.) was « fi.cted by heating with glacial acetic acid (5 c.c.) 
and fused sodium acetate (1 g.) according to the procedure already described 
for the simpler case. The crude tetramethoxyflavone was twice crystalliscd 
from dilute alcohol when the pure compound was obtaincd as long colourless 
flat needles and meltcd at 179-80° (Bargellini and Oliviero* give m.p. 
175-78°). Yicld, 0-3g. It was readily soluble in the common organic 
solvents and its alcoholic solution developed an orange-yellow colour with 
magnesium and hydrochloric acid. It dissolved in concentrated sulphuric 
acid to give an yellow solution with a weak green fluorescence (Found: C, 
66:9; H, 5:5; C,yH,,0, requires C, 66:7; H, 5-3%). 


6: 7:8: 4'-Tetrahydroxyflavone (V, R = OH).—The demethylation of the 
above tetramethoxy flavone (0-2g.) was effected by boiling it for two 
hours with acetic anhydride (8 c.c.) and hydriodic acid (d, 1-7; 8c.c.). The 
yellow solid obtained on dilution with water containing sulphurous acid 
was collected and boiled with water and recrystallised twice from alcohol. 
The tetrahydroxyflavone was thus obtained as aggregates of pale yellow 
needles and narrow rectangular plates. Yicld, 0-15g. It became orange 
red at 245°, dark brown at 300° and did not melt down below 330° (Bargellini 
and Olivicro* give m.p. 250° with decomposition). It was moderately soluble 
in alcohol and acetone, and dissolved more easily in glacial acetic acid. Its 
alcoholic solution gave a greenish-blue colour with a drop of ferric chloride 
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and deposited a brown precipitate with a slight excess of the reagent. It 
solution in concentrated sulphuric acid was yellow and exhibited no fluores- 
cence. When treated with sodium amalgam in absolute alcoholic solution 
(Bargellini’s test), a greenish-brown precipitate was slowly formed. The 
flavone dissolved in ammonia to give an yellow solution and in aqueous 
sodium hydroxide to give an orange-red solution which gradually faded in 
colour (Found in a sample dried in vacuo at 126-25° for two hours: C, 
62:7; H, 3-8. CysHj9O, requires C, 62:9; H, 3-5%). 

The tetraacetate was prepared by heating the above compound (0-1 g.) 
with acetic anhydride (5 c.c.) and fused sodium acetate (2 g.) for two hours. 
It was crystallised twice from acetone-ethyl-acetate mixture when it was 
obtained as thin long needles melting at 254-55° with slight sintering at 
248° (Bargellini and Olivicro* give m.p. 249°) (Found: C, 61-0; H, 4:3; 
Cy2H p09 requires C, 60-8; H, 4-0%). 


SUMMARY 


6: 7: 8-Trihydroxy and 6:7: 8: 4’-tetrahydroxyflavones and their deriva- 
tives (methyl ethers and acetates) have been prepared starting with 2-hydroxy- 
3:4: 5-trimethoxyacetophenone and adopting the Baker-Venkataraman pro- 
cedure. Their properties and reactions have been studied and compared 
with those of the isomeric compounds, baicalein and scutellarein. 
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IN Part I patuletin, C,¢H,,0,, the colouring matter of Tagetes patula, was 
shown to be a mono-methyl ether of quercetagetin. From a study of its 
properties and reactions and from a comparison with related compounds, 
the methoxyl was considered to be in the 6-position. This point has now 
been further investigated through the study and synthesis of pentaethyl 
patuletin and definite conclusions arrived at. For this purpose patuletin is 
fully ethylated by means of ethyl iodide and anhydrous potassium carbonate 
in anhydrous acetone medium. The penta-ethyl ether is obtained as a 
colourless crystalline compound in good yield. When subjected to fission 
by means of alcoholic potash, it yields an acid which is identified to be 
O-diethyl protocatechuic acid both by analysis and by comparison with an 
authentic sample. The formation of this acid as one of the products of 
degradation confirms the idea that the methoxyl should be situated in the 
benzopyrone part. As the second product, an orthohydroxy acetophenone 
is also isolated. It is not identical with quercetagetol tetraethyl ether? and is 
found to contain three ethoxyl groups and one methoxyl. 
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Since the properties of patuletin indicate that the 3- and 5-positions 
carry hydroxyl groups there are only two possible constitutions for the above 
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mentioned ketone; (1) w:5: 6-tricthoxy-4-methoxy-2-hydroxy-acetophenone 
(I) corresponding to the 7-methoxy formula for the flavonol and (2) w: 4: 6- 
triethoxy-5-methoxy-2-hydroxy acetophenone (II) corresponding to the 
6-methoxy formula. A ketone with the second alternative constitution has 
now been synthesised starting from phloroglucinol by the general methods 
described in Part II.* Phloroglucinol is converted into w-ethoxy- phloraceto- 
phenone (III) which is subjected to partial ethylation to yield w:4: 6-tri- 
ethoxy-2-hydroxy-acetophenone (IV). This is found to be the same as the 
ketone obtained by Perkin‘ by the alkali degradation of quercetin-pentaethyl 
ether and called also hydroxy-fisetol-triethyl-ether. The above-mentioned 
procedure constitutes a convenient method for its synthetic preparation. 
Oxidation of this ketone with alkaline persulphate introduces a hydroxyl 
in the 5-position yielding the p-dihydroxy-ketone (V) whose constitution 
is based on well-known analogies and also supported by its properties. By 
further partial methylation with dimethyl sulphate and potassium carbonate 
is obtained a product, the reactions and properties of which indicate that 
it has the constitution (II). This synthetic ketone is found to be identical 
with the degradation product from pentaethyl patuletin. Further con- 
densation of the synthetic ketone with O-diethyl protocatechuic anhydride 
and sodium Q-diethyl protocatechuate yields a compound identical with 
penta-ethyl patuletin. Therefore the position of the methoxyl group in the 
ethyl ether and consequently in patuletin is definitely fixed as the 6 and this 
is in agreement with all the properties and reactions of patuletin already des- 
cribed. The above-mentioned transformations could then be represented as 
given below: 
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The presence of methyl ether groups in the several available positions 
of anthoxanthins and related anthocyanins should be of interest. In the 
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more fundamental 5: 7-hydroxy series such as quercetin and others, the 
methoxyl is found commonly in the 3- and 7-positions and also in the side— 
phenyl nucleus. The preferential methylation of the 6-hydroxyl in patuletin 
is remarkable. This seems to be peculiar to the 5:6: 7-arrangement of the 
hydroxyls. Among flavones, oroxylin-A (VIII)® found in Oroxylum indicum 
and 6: 4’-dimethyl ether of scutellarein (IX)* found in the flowers of Linaria 
vulgaris could be mentioned. In the iso-flavone series irigenin (X)’ is also 
a 6-methyl ether. 
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EXPERIMENTAL 


_ Ethylation of patuletin.—A solution of patuletin (1-0 g.) in anhydrous 
acetone (80c.c.) was treated with ethyl iodide (1-5c.c.) and anhydrous 
potassium carbonate (10g.). The mixture was refluxed gently and ethyl 
iodide (1-5 c.c. each time; total 6c.c.) was added at intervals of eight hours. 
After 30 hours, the potassium salts were separated by filtration and washed 
with warm acetone. The salt residue was completely soluble in water and 
yielded no precipitate on acidifying with dilute hydrochloric acid. The 
acetone filtrate was concentrated on a water-bath to about 5c.c. and left in 
the ice-chest. After 24 hours, pale brown crystals separated out. The solid 
was filtered and washed with a small quantity of acetone. When crystallised 
twice from alcohol using a small quantity of animal charcoal, it came out 
in the form of colourless prismatic rods melting at 127-8°. Yield: 0-75g. 
The pentachtyl ether was insoluble in warm aqueous alkali and gave no ferric 
chloride colour in alcoholic solution. It was easily soluble in acetone and 
ethyl acetate and moderately soluble in alcohol and benzene (Found: C, 
66:6; H, 7-1; CygHs2O, requires C, 66-1 and H, 6-8%. Total OC,H; 
and OCH, expressed as OCH3, 39-5; penta-ethoxy-monomethoxy-flavone 
requires 394%). 


Alkaline degradation of O-pentaethyl-patuletin (VII).—O-Pentaethyl- 
petuletin (0-6 g.) was refluxed with 7% absolute alcoholic potash (20c.c.) 
on a water-bath for 6 hours. The solvent was removed under vacuum and 
the concentrate diluted with water (75c.c.). The solution was then acidified 
with hydrochloric acid and the product was extracted repeatedly with ether, 
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The ethereal solution was shaken thrice with dilute sodium bicarbonate 
solution. 


The ketonic part (11).—On evaporating the ether solution a pale yellow 
oil was obtained which solidified on scratching with a glass-rod. When 
crystallised twice from aqueous alcohol, it was obtained in the form of pale 
yellow rhombohedral plates melting at 86-87°. Yield: 0-15g. It dissolved 
in sodium hydroxide giving a pale yellow solution. With ferric chloride, 
a reddish brown colour was obtained in alcoholic solution (Found: C, 
60-6; H, 7:7; C,sH_.0, requires C, 60-4 and H, 7-4%). 


Acid part.—The sodium bicarbonate extract when acidified with hydro- 
chloric acid, yielded a white crystalline solid. It crystallised from hot water 
in the form of long rectangular rods melting at 165-66° and as _ identified 
to be O-diethyl-protocatechuic acid. It did not depress the melting point 
of a pure sample of the diethyl ether prepared by ethylating ethyl proto- 
eatechuate with ethyl iodide and potassium carbonate in anhydrous acctone 
medium and hydrolysing the resulting ethyl O-diethyl protocatechuate with 
alkali (Found: C, 63:0; H, 7-0; C,,H,,O, requires C, 62-9 and H, 6-7%.) 


w-Ethoxy-phloracetophenone (III).—Anhydrous phloroglucinol (7-0 g.) 
and ethoxy acctonitrile® (7-0c.c.) were condensed under the conditions of 
Hoesch synthesis following the method used for phloracetophenone.® The 
product crystallised from hot water in the form of stout rhombohedral 
prisms melting at 197-8°. Yield: 7-5g. It was easily soluble in alcohol, 
acetone and ether, and gave a reddish violet colour with ferric chloride in 
alcoholic solution (Found in a sample dried at 110-20° for three hours: 
C, 56:9; H, 5-8; Cy oH,3O; requines C, 56-6 and H, 5-7%). 


w-4: 6-Tricthoxy-2-hydroxy-acetophenone (IV),—w-Ethoxy-phloraceto- 
phenone (2-1 g., 1 mol.) was refluxed in anhydrous acetone solution (80 c.c.) 
with ethyl iodide (1-8c.c., 2°2mol.) and anhydrous potassium carbonate 
(6g.) for 12 hours. At the end of the reaction, the acetone was distilled of 
and the residue treated with water (100c.c.). The precipitate was filtered 
and washed with water. It was sparingly soluble in aqueous alkali. In an 
attempt to remove any fully ethylated ketone that might be present, the crude 
product was dissolved in ether and the solution extracted with 5% aqueous 
sodium hydroxide. The recovery was small and incomplete even after six 
extractions. On acidifying the alkaline solution with hydrochloric acid, 
a colourless crystalline solid separated out. It was crystallised twice from 
alcohol when w: 4: 6-tricthoxy-2-hydroxy-acetophenone (IV) was obtained 
in the form of thin flat needles and plates melting at 96-97°. Yield, 
0-4¢g. 
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When the remaining ether was evaporated to dryness and the residue 
(1-0g.) crystallised from alcohol the same substance was obtained. The 
reactions and the melting points were identical and there was no depression 
in the mixed melting point. Thus the product of ethylation seems to consist 
entirely of the hydroxy-triethoxy ketone (IV) and the fully ethylated product 
was not present in detectable amounts. 


The substance was easily soluble in alcohol, acetone and benzene. It 
gave a brownish red colour with ferric chloride in alcoholic solution. It 
was not easily soluble in aqueous sodium hydroxide and gave a sparingly 
soluble sodium salt (Found: C, 62-7; H, 7-8; OC.H;, 49-9; C,,H..O; 
requires C, 62:7; H, 7-5 and OC,H;, 50-49%). 


For purposes of comparison an authentic sample of the above ketone 
was prepared from quercetin (0-3 g.) in the following manner. The flavonol 
was ethylated by boiling for 30 hours in anhydrous acetone solution with 
ethyl iodide (2c.c.) and anhydrous potassium carbonate (2 g.). The penta- 
ethyl ether thus obtained was subjected to fission using absolute alcoholic 
potash (3 c.c. 7%) and refluxing for six hours. After adding excess of water, 
it was extracted with ether. From the ether solution, by shaking with aqueous 
sodium bicarbonate was separated O-diethyl-protocatechuic acid. The 
residual ether solution on evaporation gave a good yield of hydroxy-fisetol- 
triethyl ether. In every respect it was identical with the synthetic sample 
described above and the mixed melting point was undepressed. 


w :4: 6-Triethoxy-2: 5-dihydroxy-acetophenone (V).—To a mechanically 
stirred suspension of ketone (IV) (2-7 g.) in water (50 c.c.) was added aqueous 
sodium hydroxide (5% 50c.c.) slowly. Only part of the ketone went into 
solution immediately and the rest dissolved completely only towards the end 
of the reaction. The mixture was then cooled to 15° and potassium per- 
sulphate (4-1 g. in 100c.c. of water) and aqueous sodium hydroxide (5%, 
50 c.c.) were added alternately during three hours while maintaining the 
mechanical stirring all the while. After the addition, the solution was left 
at room temperature for 20 hours. The insoluble portion was then filtered 
off and the alkaline filtrate neutralised with hydrochloric acid. The un- 
reacted ketone (0-8 g.) separated out and was removed by filtration. The 
filtrate was treated with concentrated hydrochloric acid (20c.c.) and kept 
on a boiling water-bath for about 15 minutes. An oily layer separated out 
on cooling and it solidified slowly into a dark brown sticky crystalline mass. 
It was dissolved in ether and treated with petroleum ether till turbidity 
appeared. On leaving it aside for about 15 minutes, a small amount of a 
dark brown sticky impurity separated out and the clear yellow solution could 
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be decanted. On evaporation it yielded yellowish brown crystals which 
when recrystallised from hot water came out in the form of broad square 
plates melting at 101-103°. A second crystallisation from aqueous alcohol 
raised the melting point to 103-04° which could not be improved further. 
Yield, 0-6g. With alcoholic ferric chloride it developed a transient green 
colour which changed rapidly to yellowish brown and finally to deep red in 
the course of half-an-hour. It did not give any precipitate with neutral 
lead acetate in alcoholic solution (Found: C, 59-0; H, 6-7; C,,HaO, 
requires C, 59-2 and H, 7-0%). 


w:4: 6-Triethoxy-5-methoxy-2-hydroxy-acetophenone (11).—A solution of 
the dihydroxy-ketone (V) (1-0g., 1 mol.) in anhydrous benzene (60c.c.) 
was treated with dimethyl sulphate (0-5 g., 1-1 mol.) and anhydrous potassium 
carbonate (3 g.) and the mixture refluxed for 12 hours. Towards the end 
of the reaction, the benzene layer developed a dark brown colour. The 
potassium salts were then filtered off and washed thrice with warm benzene. 
The filtrate was cooled and extracted thrice with aqueous sodium hydroxide 
(5%, 25c.c.). When acidified with hydrochloric acid, the clear alkaline 
extract deposited an almost colourless crystalline solid. After two crystalli- 
sations from aqueous alcohol it was obtained as colourless long rectangular 
plates melting at 85-86°. Yield, 0-4g. It did not depress the melting point 
of the ketone obtained from the degradation of O-pentaethyl patuletin. It 
gave a pale reddish brown colour with ferric chroloride in alcoholic solution 
(Found: C, 60:6; H, 7-6; C,sH22.O, requires C, 60°4 and H, 7:-4%. 
Found total OEt and OMe calculated as methoxyl 40-9; the formula requires 
41-69%). 

O-Diethyl-protocatechuic anhydride.—Thionyl chloride (2-0c.c.) was 
added in small quantities at a time with vigorous shaking to a suspension of 
O-diethyl-protocatechuic acid (8-4g.) in anhydrous ether (100c.c.) con- 
taining anhydrous pyridine (10c.c.). Throughout the addition the tempe- 
rature of the reaction mixture was kept at 0° by cooling in an ice-bath. After 
the addition was over (30-45 mts.) the flask was left in the refrigerator for 
three hours and the mixture was shaken with crushed ice and filtered. The 
granular solid product was then triturated successively with ice-cold water, 
dilute ice-cold hydrochloric acid and ice-cold sodium carbonate solution 
(5%). Finally the anhydride was washed with ice-cold water until free from 
sodium carbonate. It was then pressed between the folds of filter paper and 
dried in vacuo over concentrated sulphuric acid. The crude product melted at 
148-49° with slight sintering at 145°. When recrystallised from benzene 
it was obtained as stout rectangular prisms melting at 149-50°. Yield, 
65g (Found: C, 66:1; H, 6:3; CssH.0, requires C, 65-7 and H, 6°5%). 
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Synthesis of O-pentaethyl-patuletin—An intimate mixture of w:4:6- 
triethoxy-5-methoxy-2-hydroxy-acetophenone (II) (0-3 g.), O-diethyl-proto- 
catechuic anhydride (1-0 g.) and the sodium salt of O-diethyl-protocatechuic 
acid (0-5 g.} was heated ufder reduced pressure at 170~-80° for four hours. 
At the end of the reaction, the solid crust was broken up and refluxed with 
alcohol (10c.c.) for about ten minutes. It was then treated with alcoholic 
potash (1 g. of KOH in Sc.c. of alcohol) and refluxed for 15 minutes more. 
As much alcohol as possible was removed under reduced pressure and excess 
of water added to the residue. A colourless crystalline solid remained un- 
dissolved. It was filtered and washed with water till free from alkali and 
crystallised twice from alcohol when it was obtained in the form of colourless 
rectangular prismatic rods melting at 128-29°. A third crystallisation was 
also done but it did not improve the melting point. This substance did 
not dissolve in warm or cold aqueous alkali and developed no colour with 
ferric chloride in alcoholic solution. Yield, 0-2g. (Found: C, 65-7; H, 
6:5; CuogH3,0, requires C, 66-1 and H, 6-8%. Found total OC,H; and 
OCH, calculated as OCH;, 38:9; pentacthoxy-mono-methoxy-flavone 
requires 39-49%). This product did not depress the melting point of O-penta- 
ethyl-patuletin obtained by the ethylation of patuletin. 


The alkaline filtrate left after the separation of the above solid product 
was saturated with carbon dioxide. A small quantity of dark brown 
amorphous material was deposited. Since it was too small, it was not studied. 


SUMMARY 


The constitution of patuletin as 6-O-methyl quercetagetin has been 
finally established by the study of its penta-ethyl ether which yields 0O- 
dicthyl-protocatechuic acid and w: 4: 6-triethoxy-5-methoxy-2-hydroxy-aceto- 
phenone on degradation with alkali. The above ketone and O-pentaethyl- 
patuletin have been synthesised by unambiguous methods starting from 
w-ethoxy-phloroacetophenone. 
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SYNTHESIS OF KANUGIN AND RELATED 
COMPOUNDS 


By K. VISWESWARA RAO AND T. R. SESHADRI 
(From the Department of Chemistry, Andhra University) 


Received January 17, 1946 


IN an earlier communication? the determination of the constitution of 
kanugin (I) as 3:7: 5’-trimethoxy-3’: 4’-methylenedioxy-flavone was re- 
ported, based on a study of the compound and of its decomposition pro- 
ducts. This constitution has now been confirmed by synthesising kanugin 
from w:4-dimethoxy-2-hydroxy-acetophenone (fisetol dimethyl ether) and 
the anhydride and sodium salt of myristicic acid. The synthetic product 
is found to be identical with the natural one in all its properties and re- 
actions and the mixed melting _ is not depressed. 





+0 wae, 4 <o" CH,O— 
—COCH,0CHyg oc Hs 
, io in 


“> -* ae 
IPS ' nhs srK 
F 


WN 
i ec 
(IT) (II) 


OCH, 

Since thc Allan-Robinson condensation was not carried out previously 
with components containing methylenedioxy group and since myristicic 
acid is not easy to obtain, exploratory experiments have been done using 
first the anhydride and sodium salt of piperonylic acid. The condensation 
with w-methoxy-resacetophenone proceeds smoothly to yield 7-hydroxy-3- 
methoxy-3’ : 4’-methylenedioxy-flavone (II). The best yields are obtained 
by limiting the heating to 2-3 hours. Incidentally the condensation has 
also been carried out with w: 4: 6-trimethoxy-2-hydroxy-acetophenone to 
yield 3:5: 7-trimethoxy-3’ : 4’-methylenedioxy-flavone (III) which is de- 
signated ‘ ijso-kanugin’. This compound differs from kanugin in that it has 
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a methoxyl group in position 5 instead of in 5’. Unlike kanugin it does not 
exhibit fluorescence either in alcohol or in concentrated sulphuric acid. This 
seems to be another example of the influence of position 5, in suppressing 
the emission of fluorescence by anthoxanthins and related compounds. 


Under the same conditions as those adopted for the preparation of the 
above compounds, kanugin could be obtained starting from myristicic acid. 
This acid was made in the past by the oxidation of isomyristicin prepared 
from oil of nutmeg. A simplified procedure has now been adopted for 
obtaining it in good yield from the same source. It was first made synthe- 
tically by Bakcr® from 4: 5-dihydroxy-3-methoxy benzaldehyde using methy- 
lene sulphate and aqueous potash but the yields reported by him (about 5%) 
were very poor. By a modification of the method of methylenation the 
yield could now be raised to 75%; 4: 5-dihydroxy-3-methoxy benzaldehyde 
could be convenicntly methylenated in anhydrous acetone solution using 
methylene sulphate and anhydrous potassium carbonate. The product 
comes directly pure without any difficulty. 


EXPERIMENTAL 


Piperonylic anhydride.—Piperony!ic acid (10 ¢.) (dried in an air oven 
at 110-20° for 2-3 hours) was mixed with dry carbon tetrachloride (20 c.c.) 
and the mixture treated with powdered phosphorous pentachloride (10 g.) 
in small amounts. It was warmed on a water-bath till no more fumes were 
evolved and all the solid went into solution (10 minutes). The solvent and 
the phosphorus oxychloride were then removed under reduced pressure on a 
water-bath when the acid chloride was left behind as a white crystalline solid. 
It was directly dissolved in anhydrous ether (100c.c.) and dry pyridine 
(18 c.c.) slowly added while cooling in ice. After leaving in the ice-chest 
for 24 hours, the mixture was treated with small bits of ice with vigorous 
stirring. In about 10 minutes a pale cream-coloured solid separated out 
in good yield. It was filtered, washed with ice-cold dilute hydrochloric acid 
and ice water and drid in a vacuum desiccator. Yield, 7g. On crystal- 
lising from anhydrous benzene it came out as big colourless rectangular 
tablets melting at 153-4° (Found: C, 61-5; H, 2:9; CygHi,O, requires 
C, 61-1; H, 3-2%). A small crystal of the compound when warmed with 
gallic acid and sulphuric acid formed a bright blue solution. 


7-Hydroxy-3-methoxy-3' : 4'-methylenedioxy-flavone (II).—w-Methoxy-res- 
acetophenone (1 g.) was fused with piperonylic anhydride (10 g.) and potas- 
sium piperonylate (3 g.) at 170-80° for 3 hours under reduced pressure. The 
product was boiled with alcoholic potash (80c.c. of 10% solution) for 20 
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minutes. The solvent was then removed under reduced pressure, water 
(100 c.c.) was added and the clear brown solution saturated with carbon- 
dioxide when a brown solid (about 1g.) separated out. It was filtered, 
washed and crystallised from alcohol. It came out as pale yellow rectangular 
plates melting at 265-67° (Found: C, 65:4; H, 3-8; C,,H,.O, requires 
C, 65-4; H, 3-8%). The substance was soluble in aqueous alkali with a 
yellow colour and gave no characteristic colour with ferric chloride in alco- 
holic solution. With gallic acid and sulphuric acid it gave a beautiful 
emerald green colour which rapidly changed to pure blue. 


3:5: 7-Trimethoxy-3' : 4'-methylenedioxy-flavone (III) (iso-kanugin).— 
w:4: 6-Trimethoxy-2-hydroxy-acetophenone (1 g.) was condensed with the 
anhydride (5 g.) and the potassium salt (2 g.) of piperonylic acid, under the 
conditions of the Allan-Robinson reaction. After hydrolysis with alcoholic 
potash and removal of the solvent under reduced pressure, water was added 
when a pale brown solid separated out. It was filtered and washed with 
water (Fraction A) . On saturating the filtrate with carbon dioxide a yellowish 
brown solid separated out (Fraction B). 


Fraction A (iso-kanugin) was crystallised from alcohol when it came 
out as colourless rectangular plates melting at 195-6° (Found: C, 64-0: 
H, 4:5; CygH gO, requires C, 64-0; H, 4-5). It was insoluble in aqueous 
alkali and gave no colour with alcoholic ferric chloride. But it gave an 
emerald green colour with gallic acid and sulphuric acid (test for the methy- 
lenedioxy group). Unlike kanugin it exhibited no fluorescence in alcohol 
and in concentrated sulphuric acid it formed a stable yellow colour. It 
could thus be easily distinguished from kanugin. 


Fraction B was obtained in varying amounts in different experiments 
and when crystallised from alcohol it came out as a yellow crystalline solid 
melting indefinitely between 200 and 225°. It gave a marked olive green 
colour with ferric chloride, was sparingly soluble in aqueous alkali and was 
obviously having the 5-OH free. This should have arisen as the result of 
partial demethylation in the course of the Allan-Robinson condensation. 
It was not further examined. 


Preparation of myristicic acid: (1) from oil of nutmeg.—The pro- 
cedure followed for the preparation of myristicin was essentially that of 
Power and Salway? with a few modifications. 


Oil of nutmeg was wasbed with 5% alkali to remove the phenolic and 
acidic components. It was subsequently washed with water and dried over 
sodium sulphate. The dry oil was first distilled under reduced pressure 


(60mm.) when most of the terpenes passed over below 110°. Distillation 
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was then cffected under ordinary pressure up to a temperature of 240°. It 
was connected again to the pump and the distillation carried out at a pressure 
of 40mm. Three fractions were collected: (1) below 160°, (2) 160-70° 
and (3) 170-75°. The last fraction corresponded to myristicin and its yield 
was 10g. from 150c.c. of the oil. It gave a positive test for the presence of 
the methylenedioxy group and the identity was further confirmed by the 
preparation of dibromomyristicin dibromide melting at 128-9°. 


The above myristicin fraction (10 g.) was dissolved in alcoholic potash 
(alcohol 30 c.c. and potash 8 g.) and the solution refluxed on a water-bath for 
24 hours. The solvent was then distilled off, the residue treated with excess 
of water and extracted with ether. The crude isomyristicin left after eva- 
porating the ether was directly used for the oxidation. 


Isomyristicin (8 g.) was made into an emulsion with water (500c.c.). 
An aqueous solution of potassium permanganate (22g. in 500c.c.) was 
slowly added, kzzping the mixture at 80° and stirring, during the course of 
an hour and a half. It was kept stirred for another 30 minutes by which 
time all the permanganate was reduced. Sufficient 10 % aqueous potash was 
then added in order to make the mixture alkaline and the manganese dioxide 
formcd was filtered while hot and washed with hot water. From the filtrate 
myristicic aldehyde crystallised out on cooling. This was filtered off and 
che solution extractcd twice with ether to remove the ald. hyde completely. 
When the alkaline solution was acidified with concentrated hydrochloric acid, 
myristicic acid separated out. It was filtered, washed with a little water and 
crystallised from methyl alcohol when it came out as big rectangular prisms 
with a tendency to taper at the ends and melting at 212-14°. Yicld, 5g. 


The residual manganese dioxide was suspended in water and brought 
into solution by passing a current of sulphur dioxide. On extracting the 
solution with ether some more of the myristicic aldehyde could be obtained. 


The total yield of the myristicic aldehyde was crystallised from water 
when it appeared as thin colourless rectangular plates melting at 131-32°. 
Yield, 1-5 g. The 2: 4-dinitrophenylhydrazone was obtained as dark red 
needics melting at 230-32°. 

(ii) By Synthesis.—A solution of 3-methoxy-4: 5-dihydroxy benzaldehyde 
(2 g.) and methylene sulphate (2 g.) in anhydrous acetone (30 c.c.) was treated 
with freshly ignited potassium carbonate (10g.). The mixture was then 
refluxed on a water-bath for 6 hours. During the course of the reaction 
vigorous effervescence followed by the evolution of formaldehyde and depo- 
sition of a white solid in the cooler parts of the condenser were noticed. The 
potassium salts were finally filtered off and the residue washed thoroughly 
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with acetone. The filtrate was distilled to remove the solvent when a crystal- 
line solid was obtained. It was almost pure myristicic aldehyde and was further 
purified by crystallisation from water when it separated as thin colourless 
rectangular plates melting at 131-2°. Mixed melting point with the sample 
of myristicic aldehyde from oil of nutmeg was not depressed. Yield, 1-5 g. 

Myristicic anhydride—The anhydride was preparcd in just the same 
way as piperonylic anhydride starting from the dry acid (4g.), phosphorous 
pentachloride (5g.) and anhydrous pyridine (8c.c.). The crude product 
was obtained as a white solid; yicld, 2-5g. When crystallised from an- 
hydrous benzene it came out as stout rhombic prisms melting at 172-3° 
(Found: C, 58-1; H, 4:1; CysH,,O, requires C, 57-8, H, 3-7%). 


3:7: S'-Trimethoxy-3' : 4'-methylenedioxy-flavone (1) (kanugin).—An inti- 
mate mixture of w: 4-dimethoxy-2-hydroxy acetophenone (0-8 g.), myristicic 
anhydride (2 g.) and the sodium salt of myristicic acid (0-5 g.) was heated 
under vacuum at 170-80° for 3 hours. The product was cooled, powdered 
and boiled with alcoholic potash (30c.c. of 10% solution) for 15 minutes. 
The solvent was then distilled off under reduced pressure, the residue treated 
with water (100 c.c.) and the pale brown solid that separated out was filtered 
and washed. It was purified by crystallisation from alcohol when it came 
out as colourless rectangular plates melting at 204-05°. Yield, 0-8 g. 
Mixed melting point with a pure sample of natural kanugin was not depressed 
(Found: C, 64-4; H, 4-4; C,,H,,.O, requires C, 64-0; H, 4-5). 

An alcoholic solution of the compound gave a blue fluorescence. In 
concentrated sulphuric acid it dissolved to a bright yellow solution which 
changed through orange to red with green fluorescence just like the natural 
sample. With gallic acid and sulphuric acid it developed a beautiful emerald 


green colour. 
SUMMARY 


The synthesis of 3-methoxy-7-hydroxy-3’ : 4’-methylenedioxyflavone, 
kanugin and iso-kanugin has been effected. Myristicic acid required for 
the synthesis of kanugin is prepared from oil of nutmeg by a simplified pro- 
cedure and an improved method for its synthetic preparation worked out. 
There is marked difference in properties between kanugin and iso-kanugin 
(3: 5: 7-trimethoxy-3’ : 4’-methylene-dioxyflavone). 
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As is well known (see Van der Waerden, 1932) the symbols 0. are used 
Me 


to set up a connection between tensors and spinors for transformations 
of the Lorentz group. & is a tensor index running from 0 to 3 while 
A and p» are spinor indices which can take the values 1 and 2 only.* 


Hitherto it has been usual to prescribe the numbers o. explicitly and to 


show that they remain unaltered when subjected to a Lorentz transforma- 
tion and the associated spinor transformation simultaneously. In fact the 
spinor transformation associated to a given Lorentz transformation is, in 
effect, defined by this condition. In the present paper no use will be 
made of an explicit representation of the o’s. All their properties will be 
deduced from the defining equations (1) and (2). Besides compactness, 
this procedure has the advantage that the same equations and all their 
consequences remain valid even when the most general transformations not 
included in the Lorentz group are admitted. They can therefore be 
directly taken over to the general theory of relativity (cf. Infeld and Van 
der Waerden, 1933). 


For the present the space-time is assumed flat and the metric tensor 
is taken to be g,=O KI], 299=— 81.=— 82n=— 233= 1. Similarly the 
antisymmetric spinors «™, eM, €\,» € used for raising and lowering the 
spinor indices are given by «<**= ¢,.= I, ei? — €;= 1. For any spinor a, 

a= eM @,, a= ae,» 
with similar relations for the dotted spinors. The o’s are defined by the two 
following conditions : 


(1) 


Me A i vm 
o’oao.=8 ee aaa 4 (2 a) 
ta 


& Juv ~ kimn uy 





* Jn this paper Latin alphabets shall always denote tensor indices the Greek alphabets 
being reserved for spinor indices. 


1§2 
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Here the bar denotes conjugate-complex and ¢,,»,, is a tensor antisymmetric 


in all the four indices with ¢€);.,=— 1. From (1) and (2a) it follows that 
ue hi a i me n” 
“< ™ Rg (2b) 


The fact that the usual representation of o’s satisfies (2) becomes obvious 
when, in conformity with the usual method, one regards o° as the two-rowed 
unit matrix and o!, co, o? as the three Pauli matrices and compares their 
commutation rules with (2). Some results, which are already well known 
(Infeld and Van der Waerden, 1933; Fierz and Pauli, 1939) follow 
immediately from (2) 


& luv. 2 kp » al 
x.co¢ +¢.¢0 = 28 g (3 a) 
Au Au A 
t ly. | kp >» &l 
G. +o. 0 =28 g (3 b) 
Au Au A 
Mm Z 
oo. =28 (30) 
k uy h 
Also 
k luy éZ R, : y . km ae 
ee ~@. © a~he @...2 (4) 
Au Au mrp 8t 
k iny d buy . alinn v 
o. ¢ —o. o =ie e. € (45) 
Au Au maa n 


From the irreducibility of the Pauli matrices it follows that (Fierz and 
Pauli, 1939) 


Me k a "7 
.= 25. 8 
7. va p vp (5) 
However a direct proof based on (2) can be given as follows. Consider 


k luy m : 
o.oo. Notice that from (2) 
Au vp 
b aA p ™m i hlpg d p ™ 
€ Go.@d Cc.wsSe 4 € € Cc - C CG. 
klmn wa pv < kimn p,uA ¢ pr 


ss i (8° of —a’ 8’)o : e* a. 

mn ? 6am Ppa @g py 

= 2(g 8’—o . o”)o”. from(3) 
mn 2, UA Om py 


=— Gio, ,; from (2). (6) 
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Also from (2) 


Au 4 ? a d 
a (0 St. -2@ .@.)= 68.0 +é8.c6 
y, av v 


Luv «eB 1, BB beh OR he 


; m, A\u % Z 
5 € a (0 .o .+¢ 


Now notice that 


zz, p 


Therefore 


\ om n, pu é m 
(8. Cc.@ ee .—-¢. 

vp ap BB vy 

d m n, mi Z m ya 
8 gc Cc A Cc —— i. Cc . 


" ° ¢ - x 
B ap by By 


+ ( 


My, Au nu Z 
o”™ a" og 


Almn by B 


A 
B sila a" wt ' 


a 


Therefore 


Me, Ath n 
€ o (o - Co 


blmen jv 


From (7) and (9) it follows that 


4 " Z . d s 
a ek .)j== 23 (8. CG --+ 0. 
ap MB ap y & ap p 


o ) = Q), 


re ne av 


+o 


Au é 
or (s - a 
R d,pv ap 


Multiplying by o and using (2) one gets 


; , 
-@ +o -@ .=9 
‘uy «ap 2,48 a@p 
Now 
Z Z lp 
o -e .~-@ -C?.>€&..¢C -o 
4a ap 7,“@B ap vB l,up a 


=4e.. « : from (2) 
vB ou 
(5) follows immediately from (10). 
A few other useful relations can be derived from (2). Put 
* ~ Ap eu” 


c. 
pA 


py ay 


o (7) 


kilmn uy 6 6ap up 
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Then from (3) 


Alm kim 
A. <A. 
pv uy 
‘km kl om 
=—-A. +29 ¢. 
[a wv 
kl km 7 
= A; +2g o .—2g¢ ao. 
fev uy 
mlk ki m km 7 lm k 
=—A. +2: — 2g -+2 
Kv Me wy uy ° 
miki km 7 lm hk 
=A. —2g o0.+2¢ oc. 
uy uv wy 
’mi dm m, 
=-—A . bh 2g 
py uy 


Adding up the various expressions on the right one gets 
6 Pca _<™ . A” “ar 6 (¢” o ‘ae Pa Pere 2” o.) 
BY npqr wy bY up 


so that from (6) 


2 Z A m kl om km 71 lm k . Almn 
o.0 o.=g a.—g o.+g o.+ie (11 a) 
MA py BY wy Mp 2, Lv 


The conjugate-complex equation is 


k Ap m kl om km 1 | . klmn 
o.oo o.=g o.—g o. +g” c. —ie e . (11 5) 


MA py wy pv py n, av 


From (3 c) and (11) 


Z a Ap o” o” vee 2 (2 Ye km g’ Py, 2” g my. ja eas (12 a) 
p py 
of oo Pa n, ve “a2 (g” * ee g” * g “ee 2” ol i Paes (12 b) 


MA pv 
From (4) and (12) the following well-known relations for any anti-symmetric 


tensor F,, (Laporte and Uhlenbeck, 1931; Fierz and Pauli, 1939) are 
obtained immediately. 


F =o ol (e f. + c. iS, ? (13 a) 
rf? om pp Po ‘anil a (13 b) 
wh vp 


mv n — mint 
Pia see —4F 


be vp 


(13 o) 
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; a , 
fP=4s F, é.¢ "= 4F eo 


fear Al wa 
p . hip so - a 
Ft *.* aor he (14.6) 
and 
F =i(F -iF’) 
- F =3(F +iF ) 
Fr" 


3 
I 
we 


e elm 
It is yet to be proved from (2) that for every proper Lorentz trans 
formation there exists a spinor transformation ‘such that the two applied 


together leave o°. unchanged. For this purpose it is sufficient to consider 
A 


mn 
infinitesimal transformations. An infinitesimal Lorentz transformation is 
given by 


’ 
a x + ex (€, -—e) (15) 


where «,, is a real infinitesimal quantity. Similarly an infinitesimal spinor 
transformation 
a=a+na(n =7 ) (16 a) 
uh hi i v uv 


uy 
a.=a.t+. a.(n..=7 ) (16 b) 
u u iL v uv uy 
is characterised by an infinitesimal spinor y,,. The symmetry of »,, in 
pu, v follows from the invariance of «,,. It is therefore sufficient to show 
that for every <” there exists a »,, such that 


ki £ pk 
: i .& ., = @ 
. 7), aa + * 7 ah ” 4; “a (17) 
From (5) and (17) the solution is easily obtained. 
Al A Al P 
148 $ , we ", 8 Nap ap 4 . ™% aa ° 1B ( ) 


The transformation matrix of (16) is therefore 


f+ tec .o° (19a) 
a x 


aa / 


B al 
8. + te es oe (195) 
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It must now be shown that the transformation (19) considered as a repre- 
sentation of the Lorentz group satisfies the integrability conditions (see 
Van der Waerden, 1932). In any representation of the Lorentz group the 
transformation (15) is represented by 
1+4<I,, 
where I*’=— JI are the representative matrices for the infinitesimal 
transformations (see Van der Waerden l.c.). Therefore in our case, from (19) 
(): “a oe, ar a ya o) (20) 
where a and f on me left side are to be looked upon as matrix indices. 
The integrability conditions for the Lorentz group ate well known and are 
1’ ["* — [nm |“ — Sk gk™ | ad am ” [* + gi” Ca pe go” \*" (21) 
Now from (4) and (20) 


Uy), = x 5 €k mat (I” E — -4 €cimn a” a8 


Therefore 
¥ | i ate 
(Lz Tas — Tyee I), = Sie, 16 (€ip0 €mnrs “mnpq €xirs) - ofh 33 7. omy 
i k q Ap r Sy ay s r, AB g eb, ay 
ra € Cs es @ g.¢@ it. a - ; 
i6 kipg “mars i - pu a Be j 
rien - a oe oe my , . part 5, wy 
ia bq Emm, { 2g i +ie , 
rb of AY, os rgpt dy 
+ 2oai g tio. iii. } from (11) 
or e95\Y ~ bgrt ps\y 
=— 16 “hte “mnrs {—-8g ( ) + 4ie (f)} 
Therefore 
i ; 
Bb +R BRets «. THLe 2 £9 
ki mn mn &l klq- mnrs 4 kipg = mnrs t 
‘ gs. ,.t i at ae ae 
=—3( 25+ T+: € 6 8—68 § 
3 kl@ San, g, g) 2 mars ( ae i ? c 


Where the sum is to be taken over all permutations of k, /, g with + or 
— sign according as the permutation is even or odd. So 
Lit ba--tetece eM +5(e Te 1) 


kl mn mi & qs mnks 1 mais k 


=t-s Ute I +8,1,-8, t 


< a &  ye9 
7 t ae _ I ar ra I ) 
={— 6, 9 tS th ie Sie te! 


Therefore (21) is fulfilled. 
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It is now possible to consider finite Lorentz transformations. Let the 
transformations (15) be denoted by 1+ 4 €,J”. The transformation matrix 
of (15) is 


Therefore 


8 + et 


4 (eI) = et, (22) 
where m and n are the matrix indices of the transformation J”. A finite 
Lorentz transformation L can be generated from the infinitesimal trans- 
formation by the following common device. 


L=(1+3 =. Jv) e"™ 


J Z 
= 144 5,4 9% Ta)? 5 Oa... 


n 


Lim n> oo 





On account of (22) one can write symbolically 
a 
at 31 


where 9 is a matrix defined by induction as follows: 


(* >» = (@"),” 6,? 
It is easy to verify that 
Dp, a” a gr? 4. + (Prin a) 8, a? — (% om or €imnr)* e= 0 
for any tensor 9, whose only non-vanishing components are 43=— 4, 
and 6,.=— 9,. However since every antisymmetrical tensor can be brought 
to this form by a Lorentz transformation it follows that the above identity 
is valid for every 8,,. Written in matrix form it becomes 
+4 40,, 0 02— (4 0” 0" «2? =0 
Making use of this characteristic equation of 9, it can be proved that 


L =e? =1+ 0+ foe 


L=4 [cosh ¥o,+ cosh yo_] + cosh oS v® (02+ 40,, a) 
sinh /@, , sinh V@ i 
+4[" et eo 
sinh /@ sinh /@- 1 . 
sd Gey saat ed oe ie a 
where | 
e; oe) + Bx, of = 4 vis Bes gmn €klmn “af ( @&é Dz; i (23 b) 


This is the expression for the most general proper Lorentz transformation. 
The spinor transformation A associated to (23) is given by 


14 n get] 
A = (1 tt 5 mn) =€@ ” 


Lim n> oO 


=1+(1,)+ GO a 5 Saal 
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Now 


TV-G Lear ry: 


| i my a Ly 
=~ 0” o iene _o \ 
kaa 1 m, pu 


I 


mtee (- ad oie . oes 
16 22 mn ayn p, ap 


=e ? oy / Pd Pte rs.y 
- +0 s+ 9, 0 oo 8’— ie’ O°) from (2) 


mn 


ae i kilmn, ay 
ea ( ‘ ‘ + 16 ‘, ae , ) al 
Put . 
O=—46. C+ 6 ¢ (25) 


+ 16 ki mn 
Then from (24), 


A= (1+ 5+ ht ‘Jett yt st ) 4 * ty) 
sinh /@ 


= cosh /@+ ve (4 6 T,,) (26 a) 
or 
sinh V8 bf ; Ag 
A "= cosh 0 3 + 40% a, 3% (266) 


Therefore ae spinor ‘inidiieauaas associated to any given Lorentz trans- 
formation is completely determined. As an example consider the case of 
a spatial rotation about the x, axis. In this all components of 4;, are zero 
except 6,.= — 94,= 2 (say). Therefore 

@=— ¢ 
and 


A= cos ¢ af 4 4 SS : eee , os 
a 





0 3A 3 0 
= con. GS fF s male. ° Per @ am 
ar aa 
> Baa, > Dae 
=cos¢8 +isin¢d}ic. 7 "~-e.9 * {27 a) 
a aa aa 


Similarly for a Lorentz transformation along the x, axis the only non- 
vanishing component of 6; is %3=— 999= 2¢ (say), so that = ¢° and 


B B of ag 
A) cash ¢: oe sinh ¢- +, at. ~"wai% ) (27 b) 
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In the usual representation o° is the unit matrix and of = — o3 g- Therefore 
in matrix notation (27@) and (27b) can be written as 

A= cos ¢— sin d-o* 

A = cosh ¢— sinh do 
where the matrix elements of «° are oj,. 


Till now only the proper Lorentz transformations have beer discussed. 
Reflection can now be included in the following way. From (11) 


oo. o. =2¢ ».-0.=g 2. (28) 


Therefore of» is the reflection matrix, and by reflection the spinors a; and 
b, go over into a, ard 5, given by 
Lm ek hn 8 (29) 
ik be A a “ A 
The quantities o}, remain unchanged for the simultaneous application of 
reflection to the tensor index k as well as to the spinor indices », v. In the 
usual representation of; is the unit matrix and therefore the only non- 


vanishing components of o°;+ are o9?=—o?i=—1. In this case there- 
fore (29) coincides with the usual rules for reflection. 


If oX;, and o;*; be two different sets of o’s satisfying (1) and (2) then it 
follows from (5) that 


é k 
0 .=@a oa 
Ab Z Ay 
where 
k ‘tk fp 
a=4to. 
Z Au 7? 
so that a* are real and 
k Z mn Ri 
aag=g 


mM 7 
Therefore a* must be the coefficients of a Lorentz transformation apart 
from the fact that they may reverse the direction of time. 


Since the equations (1) and (2) are in a proper covariant form they 
remain valid for all real transformations of the tensor space and any 
arbitrary transformations of the spin-space (cf. Infeld and Van der Waerden, 
1933). However it must be borne in mind that for this general case 


€nsa=— V— & 
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where g is the determinant of the general g;, matrix. Also ¢€, and e?? 
are no longer | but are equal to y and : respectively where y is a spinor 


density of weight 1, i.e., on transformation it gets multiplied by the deter- 
minant of the transformation in the spin-space (Infeld and Van der Waerden, 
1933). All the results [e.g., equations (5), (11) and (12)] therefore hold also 
for the general case which is of importantce in the general theory of 
relativity. 


In conclusion let us consider an interesting application of (11) to the 
Dirac equation of a particle of spin 4. Expressed in terms of spinors it 
splits up into the following two equations: 


i a4 a, = xb" (30 a) 

iq; b* = xa, (30 b) 

To these are to be added the corresponding conjugate-complex equations. 

Apart from numerical factors the charge-current-density spinor is given by 

Sap = 4a 43+ b, b; (31) 

where a, and b; are the complex-conjugates of a; and b, respectively. It 

is obvious that the charge-density given by (21) is positive definite if the 

usual representation of o’s is used since in this case o® is the unit matrix. 

For every other representation of o’s the charge-density is therefore either 

positive or negative definite according as this representation is obtained 

from the usual one by a Lorentz transformation without or with the 

reversal of the direction of time. However only the definite character of 
the charge-density is of importance, the sign being immaterial. 


Notice that the equations (30) are completely equivalent to the second 
order equation 
dg * ay + x2 a,= 0 (32) 
which follows from them. This becomes obvious if one looks upon (30a) 
as the definition of b*. Therefore (30) can be replaced by 


I k 
Yva=xa 
Xr A 


(33 a) 


a a. =— xa (33 b) 
so that 
=i on a. 
(31) now becomes 


2 a 
S.=a ae. a a’, (a =a") 
ap e £ as Bu / mm @® m 
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t4fo. (@ a +a a )—o. a a] 
Au nw } Aut Ww 


pie ""@’ a’ o . from (ll) (34) 
The equations (33) and (34) are completely equivalent to the usual formu- 
lation of the Dirac-equation in the force-free case. The definite character 
of the charge-density is not quite obvious from (34). Equations (33) resemble 


very much the corresponding equations for a particle of spin 0. 


However the equivalence of (30) and (33) holds only for the force-free 
case. In case of interaction with an electromagnetic field (30) go over into 


i qy = x ba (35 a) 
ita; b°= x ay (35 b) 


ad 


where 7** is the spinor corresponding to 7; = 4+ ie¢,, 4, being the 
electromagnetic potentials and e the charge of the particle. The second 
order equation derived from (35) is 


Tai 7 a+ x? a,=0 


Or from (3) 


am ati(rn w—-a a )o. Por + y2@a=0 
P A kl 1 & @a rn A 
which is not the same as that obtained by replacing d, by 7, in (32). There- 
fore to take electromagnetic interaction into account it is not sufficient to 
replace »” by x” in (33). The correct generalisation of (33) in this case is 
be jh 


ma. = x a. (36 a) 
A 1. ic ! =— % 
m a. + . f: a. xa. (36 5) 


where 


: ? = 
C4 f G. o and f = ¢—2d ¢ 
a Al da cme eee 2 


The extra term in (36 5) corresponds precisely to the magnetic moment 7 


of the electron in Dirac’s theory. The expressions (31) and (34) for the 
current vector remain unchanged. From (36) it follows that the Dirac 
equation is completely equivalent to the second order equation 


k : , 
an a+tief'a.t+x*a=0 
k a A pb A 
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provided the current vector is defined by (34). Equations (36) emphasise 
the fact that even in the simple case of spin 4 correct electromagnetic 
interaction cannot be introduced simply by replacing 2, by 7, in any 
arbitrary formulation which is valid for the force-free case. 


SUMMARY 


The o-symbols are defined by means of the equations (1) and (2). All 
their properties are deduced from their definition without making use of 
any explicit representation. Certain interesting relations concerning the 
product of three or more o’s are obtained. They are shown to be useful 
in transforming tensors into spinors and vice versa. 


Directly from (1) and (2) it is deduced that corresponding to every 
proper Lorentz transformation there exists a spinor-transformation such 
that the two applied together leave the o’s unchanged. The spinor trans- 
formation corresponding to the most general proper Lorentz transformation 
is explicitly given. Also the spinor-transformation corresponding to reflec- 
tion is obtained. It is pointed out that since the defining equations (1) and 
(2) and the relations deduced from them are already in a proper covariant 
form they can be taken over as such to the general theory of ‘relativity. 


Finally the Dirac equation for a particle of spin 4 is discussed from 
a new angle. Here only one spinor together with its space-time derivatives 
(and net two spinors) is used to describe the particle. It is shown that the 
Dirac equation is completely equivalent to a second order equation for this 
single spinor. The expression for the charge-current density in terms of 
this single spinor and its derivatives is obtained. In the present formulation 
correct electromagnetic interaction can be introduced only by the addition 
of an extra term depending explicitly on the field. This additional term is 
the one which corresponds to the magnetic moment of the electron. 
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